Dynamic steering of laser beams by ultra-thin optical metasurfaces is significant research advance for possible applications in remote ranging and sensing. A unique platform for such important functionalities is offered by dielectric metasurfaces having the highest transmission efficiency. However, the realization of dynamically tunable metasurfaces still remains a challenge. Here we demonstrate experimentally the dynamic switching of beam position by all-dielectric metasurfaces composed of silicon nanodisks infiltrated with liquid crystals. In particular, we show the switching of a laser beam from zero to 12 • angle with an efficiency of 50% by heating the metasurface to modify the liquid crystal state from nematic to isotropic. Our results open important opportunities for tunable ultra-thin beam steering metadevices.
stration of tunable functionalities, while high efficiency and possibility to individually control the response of each nanoantenna in a metasurface remain a major challenges. 25 Several schemes for tunability of resonant dielectric metasurfaces have been proposed enabling mechanical deformation of the structures or a change of the refractive index of either dielectric resonators or surrounding media. These include the mechanical or electrical deformation of elastomers, 26,27 electrical 28 or thermal 29, 30 tuning of semiconductors, as well as the use of phase-change materials, 31, 32 graphene, 33 or liquid crystals (LCs) as embedding media.
34-36
The use of LCs is an attractive approach as it relies on well-developed techniques from the LC display (LCD) industry. LCs possess high optical birefringence that can be controlled by temperature or an electric field. All of these properties make LC-tunable metasurfaces a practical realization of tunable metadevices, which is likely to be favored by the display industry today. To date, however, the LC tunability has only been demonstrated with homogeneous metasurfaces, while tunable functionality of metasurfaces has not been investigated.
Here, we experimentally demonstrate a control of the beam steering with the use of gradient all-dielectric metasurfaces infiltrated with LCs. We show that we can effectively switch beam diffraction from the metasurface from the zeroth to the first diffraction order with efficiency of 50%. The tunability is enabled by heating the LC such that it changes its internal structure. At low temperature, the LC is in its nematic phase (Figure 1a ), when the elongated LC molecules are arranged parallel to each other. At higher temperatures ( Figure 1b ) the LC arrangement changes to isotropic. Due to a difference in the refractive indexes between the LC nematic and isotropic states, the metasurface can either transmit light straight through or deflect it at a fixed angle, as shown in Figure 1 . In this way, dynamic switching between different beam propagation directions can be achieved.
Results and discussion
To achieve tuning of an LC-infiltrated metasurface, we first test the properties of a homogeneous nanodisk array. We therefore design and fabricate sub-diffractive silicon-disk arrays operating in the Huygens' regime, e.g. for a spectral overlap of the electric and magnetic dipole resonances of the nanodisks to achieve near-unity transmission. 21 The array consists of silicon nanodisks with the diameter d = 300 nm, the distance between them 130 nm and height h = 130 nm, as depicted in Figure 2a in Figure 2b . The exact dimensions were chosen such that the Huygens' regime is satisfied for the isotropic state.
Next, we infiltrate the metasurface with LC to enable the tunability. For our experiments, we chose E7, that is well-investigated and widely used LC in LCD industry. It has positive anisotropy and birefringence ∼ 0.15 during the transition from nematic to isotropic state for extraordinary wave n e in visible and near infrared wavelength region. 37 The critical temperature when E7 becomes isotropic is 58 • C. Using this metasurface as a bottom substrate,
we build an LC cell with a thickness of 5 µm determined by spacers (round plastic balls with precise diameters). We deposit an alignment layer only on the top substrate, while the metasurface remains unaffected. The initial alignment is planar. In optical measurements, we chose the polarization of the incident light along the LC orientation to excite an extraordinary wave inside the cell. For heating the LC cell and controlling its temperature, we use a temperature controller with a control loop, so the measurements for different temperatures are stable. To place the cell with a heating element and temperature sensor in front of the microscope objective, we use Mitutoyo objective with high working distance of 2 cm and numerical aperture N A = 0.7. To capture the image, we use a CMOS visible camera. Figure 2c shows the experimentally measured transmittance spectra for both nematic (room temperature) and isotropic (heated sample) alignment of the LC. To reach the LC isotropic state, the LC cell was heated to 60
• C. A change in the transmittance spectrum is observed mostly in the Huygens spectral region at around 810 nm, which is an indication of the resonant behavior of the metasurface. In this region, the transmittance rises from about 45% to nearly 75%. The observed change in transmittance proves that the alternation of the refractive index of surrounding LC leads to a spectral shift of the resonances. In particular, the magnetic dipolar resonance experiences larger spectral shift 34 such that it improves the overlap with the electric dipolar resonance in the case of isotropic arrangement of the LC.
After proving the tunability of our Huygens' dielectric metasurface, we proceed to testing the tunability of a functional gradient nanodisk array, such as a beam deflector. 9 In such a beam deflector, the intensity of the transmitted light is close to unity for the operational wavelength of 800 nm, while its phase is varied such that it forms a binary blazed grating with six phase steps. 3, 9 Each step incorporates the phase delay of 0, π/3, 2π/3, π, 4π/3 and 5π/3, successively. Overall, the device deflects the incident beam at the angle of 12
• . It is worth noting that the thickness of the metasurface is only 130 nm, which is much thinner than the operational wavelength in free space. The ultra-small thickness is the main advantage of metasurfaces compared to other diffractive optical elements, which makes them attractive for large-scale nanofabrication.
The schematic of a unite cell of the beam-deflecting metasurface is shown in Figure 3a ,
and SEM image of the fabricated gradient metasurface is shown in Figure 3b . The height and pitch of the nanodisks are the same as in the homogeneous array described above, however, the diameters of the nanodisks vary such that different phases are imprinted at different spatial locations, while preserving high transmission of the incident beam. This results in a phase gradient that mimics a blazed grating that deflects an incident beam of certain wavelength into the first diffraction order of the grating (see Figure 1 ).
To determine the exact diameters of the silicon nanodisks which define the phase gradient, first we performed numerical simulations of regular arrays with fixed gaps and heights and varying diameters using Lumerical software. The metasurface is designed to operate when the LC is in the isotropic state and so, the LC is modeled as an isotropic medium. The refractive index used in simulations corresponds to that of the E7 LC above the isotropic phase transition temperature. The results are presented in Supporting information (see Figure S1 ) and give nanodisk radius varying from 115 nm to 150 nm to imprint phase delays in the incoming wave, at the operating wavelength of 780 nm, corresponding to those depicted in Figure 3a .
After defining the required nanodisk diameters, numerical simulations have been done to characterize the performance of the resulting beam-bending metasurface. Results are presented in Figure 4a together with the performance results when the LC is switched to the nematic state, see Figure 4b . In this latter case, the LC is modeled as an anisotropic medium with the extraordinary axis directed along the electric-field polarization direction, which in both cases is perpendicular to the super-cell direction. The values of the extraordinary and ordinary refractive indices correspond to those of the E7 LC at temperature T=25
• . Panels c-d in Figure 4 show a detailed comparison of the power channeled into the (positive) zero-th, first, and second diffraction orders upon LC switching from the isotropic to nematic state.
The results show a power redistribution between the orders, namely, significant reduction of the power channeled into the first order (one enhanced by the gradient metasurface in the isotropic case) and significant increase of the power channeled into the zero-th order (one suppressed by the gradient metasurface in the isotropic case).
To experimentally test the proposed design, the beam-bending gradient metasurface is fabricated, and a typical SEM image of its several unit cells is shown in Figure 3 . To perform measurements of the beam deflection, we use an experimental setup shown in Figure S2 .
We measure the intensity of each diffraction order for two limiting states of the LC orientation: nematic and isotropic. We implement the measurements of -2, -1, 0 ,+1, +2 diffraction orders, however the intensity of -2 and -1 orders is found to be insignificant in both nematic and isotropic states as compared with other orders; therefore in all our figures we demonstrate only 0, +1, and +2 orders. Based on the numerical simulations ( Figure 4) we can estimate the range of wavelength operation. However, the fabricated sample has always some minor variations in the dimensions compared to the design. Furthermore, since we use a femtosecond laser with 4.4 nm spectral bandwidth, it is important to define the operational wavelength range directly from the experiment. We therefore measure the intensity of the zero, first and second diffraction orders for different wavelengths. The data for the nematic state are obtained at room temperature (25 • C), and for the isotropic state -at 60
• C. The results are presented in Figure 5 for nematic (red curves) and isotropic (blue curves) states, respectively. The observed increase of the light transmitted into the zero-th order in the nematic case, at around 745 nm, is clearly visible. At the same time, the energy going into the first and the higher diffraction orders is decreased. In this way, we directly obtain the working wavelengths of our beam deflector, which is slightly blue-shifted compared to the initial design.
To demonstrate the switchable properties of our beam-deflection metadevice, we fix the states of the deflector can be represented as:
Here, I 0 and I 1 are the intensities of the zeroth and first orders, respectively. This value is between 0 and 1, if I 0 > I 1 . We define the figure-of-merit (F OM ) as a half of the difference between the contrast in ON and OFF states: 
If the intensity switches completely from zeroth to first order the (F OM ) value is equal to 1, if from first to zeroth order, -1. If a beam deflector doesn't switch intensity between the orders at all, the FOM number vanishes, even if there is a change in the total intensity. Thus, the absolute value of the FOM number shows the quality of the beam deflection. Ideally, we should target to achieve F OM = 1 or close to it.
For our fabricated beam deflector, we achieve F OM = 0.48. The numerical simulations showed in Figure 4 predicted FOM of about 0.45 demonstrating a very good match between the theoretical results and experimental data.
In summary, we have demonstrated how to employ liquid crystals for achieving func- Instruments). Thereafter, we patterned hydrogen silsesquioxane (HSQ, Dow Corning, XR-1541-006) arrays on the silicon film using the electron beam lithography (Elionix, 100 kV) method. The silicon metasurface is finally obtained through silicon film etching using an inductively coupled plasma etcher (Plasmalab System 100, Oxford) with Cl 2 gas.
Experimental setup. To perform measurements of the beam deflection we used an experimental setup shown in the Figure S2 . As a light source we used a tunable femtosecond laser with pulse duration of 200 fs and repetition rate of 80 MHz. The spectral full-width at half-maximum of the laser line is 4.4 nm. The intensity of the laser was kept at a very low value to avoid nonlinear effects associated with high laser power. The lens after the laser focused the beam onto the cell surface to match the diameter of light beam and the dimensions of the silicon-disk array (75×75µm 2 ). Microscope objective with magnification ×100 collects the transmitted light and magnifies the image which we are able to capture with a camera and a tube lens installed at the focal distance in front of the camera. By introducing and removing another lens behind the objective we are able to image the back focal plane of the objective and switch between the real and k -space.
